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ABSTRACT
RNA-binding proteins (RBPs) perform many essen-
tial functions in the post-transcriptional control of
gene expression. If we were able to engineer RBPs
with new specificity, it would also become possible
to develop new tools to control and investigate gene
expression pathways. Molecular evolution methods
such as phage display have been introduced to
achieve this goal, but the large interface between
these proteins and RNA relative to the size of library
that can be constructed limits the efficacy of this
method. In order to increase the diversity of
libraries used for selection of RBPs, we applied
the emulsion-based in vitro compartmentalization
(IVC) method to select RBPs with defined specificity.
A new approach was developed to link genotype
and phenotype by fusing the target RBP to zinc
finger proteins (ZFPs) that bind to a cognate DNA
sequence inserted upstream of the promoter. The
expressed fusion protein (ZFP–RBP) binds to its
encoding DNA with high affinity via the ZFP target-
binding site. After breaking the emulsion, the RBP
can be selected based on its affinity for a biotin-
ylated RNA bait. We demonstrate the effectiveness
of this method that should enable the selection of
RBPs with new specificity or improved affinity.
INTRODUCTION
RNA-binding proteins (RBPs) play essential functions in
all post-transcriptional regulatory processes, including
RNA processing, cellular localization, translation and
mRNA decay. These proteins recognize RNA by using
relatively few RNA-binding modules that combine to
create versatile macromolecular binding surfaces to
deﬁne their speciﬁcity (1–3). In addition to their RNA-
binding domains (RBD), they possess auxiliary domains
or modules responsible for their biological function. Thus,
many times the RNA-binding activity can be separated
from the biochemical activity responsible for RNA
degradation, localization etc. This modular architecture
suggests that RBPs could be directed to act on non-
cognate RNAs by altering the speciﬁcity of their RBD,
without aﬀecting the functional module signiﬁcantly if at
all. By doing so, it should be possible to control gene
expression in a variety of ways using proteins whose spe-
ciﬁcity has been re-engineered.
The most abundant and most versatile RBP domain is
the RNA recognition motif (RRM), also known as RBD
or ribonucleoprotein domain (RNP) (1,2). Each RRM
contains about 90–100 amino acids with two conserved
regions, RNP-1 and RNP-2, and binds to RNA
targets with varying sequences and structures. The combi-
nation of two or more RRMs allows the continuous
recognition of RNA sequences of 8–10 nucleotides with
strong binding aﬃnity. In many ways, the RRM plays the
same role in RBPs as the zinc-ﬁnger motif in DNA-
binding proteins. Due to its simple, stable and modular
structure and universally functional roles, zinc-ﬁnger
motifs have been widely used as scaﬀolds for the construc-
tion of customized transcription factors to activate or
repress gene expression (4). RRMs could be used in simi-
lar ways, as general RNA-binding molecules, if we could
re-engineer their speciﬁcity by rational or combinatorial
methods.
The structural basis of RNA recognition by many RBPs
is now established, but speciﬁcity remains diﬃcult to ratio-
nalize and to exploit towards the discovery of proteins with
new activity. Recently a ‘code’ for RNA recognition
has been deduced from crystal structures of proteins
belonging to the Pumilio (Puf) family of proteins, where
each of eight repeats binds to a nucleic acid base in a
single-stranded RNA through hydrogen bonds via three
amino acid side chains at conserved positions (5,6). This
‘code’ was used to engineer Puf proteins with predictably
altered sequence speciﬁcity. Zinc ﬁngers have also been
used as modules to engineer new RNA recognition activ-
ities (7,8), but structures of RNA recognition by zinc
ﬁngers are limited compared to the RRM (9,10).
Furthermore, available structures show that sequence-
speciﬁc recognition by zinc ﬁnger proteins (ZFPs) to
single-stranded RNA is not as straightforward as DNA
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protein’s main chain. Altogether, the very versatile RRM
proteins provide the most diverse and probably the best
opportunity to engineer RBPs to target non-cognate
RNA sequences and structures, so as to direct post-tran-
scriptionalregulatoryeventssimilarlytohowre-engineered
ZFPs are used to regulate transcription.
Rational methods to design RBPs are yet to be fully
developed (11,12). Therefore, we sought to develop an
experimental method to evolve RBPs with new speciﬁcity.
Ultimately, the two approaches will be complementary to
each other and provide an improved strategy for the dis-
covery of new RBPs, as demonstrated in many other
instances of protein design (13). Phage display is a very
well established method for the selection of proteins from
diverse expression libraries (14), and it has been applied to
study the speciﬁcity determinants of RBPs and to clone
RBPs from cDNA libraries (15,16). However, the size of
the libraries that can be constructed for phage display
is limited by the transformation competency of bacterial
cells, currently approximately 10
8–10
9/mg of vector DNA.
Furthermore, several required in vivo steps, particularly
the high-eﬃciency cloning required to construct large
expression libraries in bacteria, make this method time-
consuming and labor-intensive.
Recently, a totally cell-free selection strategy, called
in vitro compartmentalization (IVC), has been developed
to generate ‘artiﬁcial cells’ for the directed evolution
of proteins (17,18). In this approach, individual genes
are expressed in minute droplets of emulsiﬁed cell-free
transcription-translation extract. These water-in-oil dro-
plets can be as small as bacteria, with diameters of
about 1mm and volumes of less than a femtoliter.
Formation of the droplets results in co-compartmentaliza-
tion of the gene and its product, making it possible to
select larger gene libraries (10
9–10
11 genes) compared to
phage display. The cell-free selection strategy also makes it
easier to carry out selection over a broad range of tem-
peratures, pH and salt concentrations. However, the IVC
method requires direct linkage between genotype and phe-
notype, and this has never been attempted, as far as we are
aware, for RBPs. While various other strategies can be
envisioned (19), we considered using high-aﬃnity zinc
ﬁnger DNA-binding proteins (ZFP–DNA) for genotype–
phenotype linkage during selection (20). We reasoned that
the highly stable and speciﬁc ZFP-DNA interaction would
be able to survive the breaking of the emulsion and with-
stand the subsequent washing steps (20).
In this manuscript, we demonstrate the application of
the IVC method to RBPs by using a fusion protein with
six zinc-ﬁnger peptides linked to the RBD to be selected.
The zinc-ﬁnger peptides bind with very high aﬃnity and
speciﬁcity to a cognate DNA sequence upstream of the T7
promoter in the DNA template, thereby allowing the link-
age of the genotype with phenotype. We demonstrate the
method by selecting an RBP from a model library and
recovering both native and mutated U1A proteins with
high aﬃnity to a cognate RNA stem-loop. This strategy
should allow the selection of RBPs with desired speciﬁcity
for many functional applications.
MATERIALS AND METHODS
Construction of theZFP–RBP
The cDNAs for the expression of ZIF268 and TFIIIA
were ordered from Open Biosystems. Primers ZIF-1 and
ZIF-2 as well as TF-1 and TF-2 were used to amplify the
ﬁrst three domains of ZIF268 and of TFIIIA using
Phusion high-ﬁdelity DNA polymerase (Finnzymes).
Primers U1A-1 and U1A-2 were used to amplify the
RRM of U1A. For preparing the background library,
primers cHuD-1 and cHuD-2 were used to amplify the
RRM2 of HuD protein (cHuD). The sequences of all
the primers used are listed in Supplementary Table 1.
PCR products were puriﬁed using a QIAGEN PCR puri-
ﬁcation kit. Overlap-extension PCR was subsequently per-
formed to combine the three DNA fragments together to
make ZIF268(1-3)-TFIIIA(1-3)-U1A, and ZIF268(1-3)-
TFIIIA(1-3)-cHuD, which was then cut with EcoRI/
NotI. The digested reaction products were gel puriﬁed
and cloned into EcoRI/NotI-cut pET23a vector
(Novagen), yielding constructs pET23a/ZNF-U1A and
pET23a/ZNF-cHuD. All constructs were veriﬁed by
DNA sequencing.
Preparation of tandem ZNF-binding sites(ZNF-BS)
Primer BS-2 was annealed to oligonucleotide BS-1 encod-
ing two ZNF-BS for ZIF268(1-3)-TFIIIA(1-3) (GGATG
GGAGAC-GT-GCGTGGGCG) and extended with
Klenow. The double stranded product was then cut with
Bg1II and BamHI, and subcloned into Bg1II-cut pET23a,
upstream of the T7 promoter. Clones were analyzed by
Bg1II/HindIII digestion and the clone yielding the longest
fragment was cut again with Bg1II and a further ZNF-BS
cassette was inserted (20). After two cloning cycles, the
plasmid was sequenced and found to contain four copies
of the binding sites for ZIF268(1-3)-TFIIIA(1-3).
Preparation of thein vitro expression cassette
Genes encoding the ZNF-U1A and ZNF-cHuD were
excised from pET23a vectors by EcoRI/NotI digests and
subcloned into pET23a/4BS, yielding two expression
constructs pET23a/4BS/ZNF-U1A and pET23a/4BS/
ZNF-cHuD, respectively. The corresponding linear
expression templates, 4BS/ZNF-U1A and 4BS/ZNF-
cHuD were ampliﬁed from pET23a/4BS/ZNF-U1A and
pET23a/4BS/ZNF-cHuD by PCR using primers pET23-
Fwd1
  and pET23-Rev1
  (Supplementary Table 1) using
Phusion DNA polymerase. Both constructs harbor four
tandem copies of the ZNF-BS. All PCR-ampliﬁed DNA
templates were gel puriﬁed using the Wizard SV Gel and
PCR Clean-Up System (Promega) and quantiﬁed by UV
reading. The expression cassette fragment lengths were:
4BS/ZNF-U1A, 1750bp; 4BS/ZNF-cHuD, 1735bp.
Preparation of model libraries
All PCR-ampliﬁed expression cassettes were diluted to
1ng/ml ﬁnal concentration in 0.15mg/ml of HindIII-
digested  DNA (Ambion) as carrier in order to avoid
non-speciﬁc adsorption to plastic vials at low concentra-
tions. To achieve the 1:10
4 spiking of ZNF-U1A in
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diluted 10-fold per step in competitor construct present at
a concentration of 1ng/ml.
Libraries of U1A protein mutants (Y13, F56) were pre-
pared by overlay extension PCR with primers containing
NNS (where N is a mixture of G, A, T and C, and S is a
mixture of G and C) at the Y13 and F56 positions of wild-
type U1A protein. The codon NNS encodes all 20 amino
acids but not the two termination codons UAA and UGA.
The ﬁnal complete templates were ampliﬁed by PCR using
the same primers pET23-FWD1
  and pET23-Rev1
 .
Sequencing was carried out afterwards to check the cor-
rectness of the mutations.
Preparation of RNA-coated beads
Streptavidin-coated M280 Dynabeads (20ml) were washed
according to the manufactory’s protocol, i.e. twice
with the same volume of solution A (DEPC-treated
0.1MNaOH, DEPC-treated 50mMNaCl), one time
with solution B (DEPC-treated 0.1MNaCl) and
one time with the binding and washing (B&W) buﬀer
(5mM Tris-HCl (pH 7.5), 0.5mM EDTA, 1.0MNaCl).
After washing, the beads were re-suspended in B&W
buﬀer and 4ml of biotinylated RNA (10mM, IDT) were
added in the ratio of 1mg beads to 200pmol of RNA. The
mixture was incubated at room temperature for 15min
while slowly rotating the tube. A magnet was used to
separate the beads, which were by then coated with the
biotinylated RNA. Excess unbound RNA was washed
away with three washes in buﬀer A (Tris-buﬀered saline,
1% (w/v) bovine serum albumin (BSA), 0.1% (w/v) soni-
cated salmon sperm DNA, 50mM ZnSO4, 2mM DTT,
0.1% (v/v) Tween-20, Rnase inhibitor 1u/ml). Magnetic
beads were re-suspended in 20ml buﬀer A and kept on
ice until needed.
In vitro selection ofRBPs
The TNT T7 Linear Template Expression kit (Promega)
was used to prepare the in vitro coupled transcription-
translation mixture. Brieﬂy, 50ml of reaction mixes were
assembled on ice, including 40ml TNT T7 PCR Quick
Master Mix supplemented with 1ml methionine (1mM)
and 500mM of ZnSO4. For
35S-labeled protein,
[
35S]methionine (1mM) was added instead of unlabeled
methionine. The reaction was initiated with PCR DNA
template (1ng/ml) in 0.1mg/ml of HindIII-cut  DNA.
The reaction mixture was added immediately to 1ml of
oil mix (white mineral oil containing 4.0% ABIL EM 90)
(21), while stirring at 1600rpm in a 14ml round-bottom
tube cooled on ice. After 5min, the emulsion was trans-
ferred to a 1.5ml Eppendorf tube and incubated at 308C
for 90min. At the end of the incubation, the aqueous
droplets were spun down in a microcentrifuge for 10min
at 8000rpm. The upper (oil) phase was removed and after
a short second spin to remove the last remnants of oil,
100ml of breaking buﬀer A (Tris-buﬀered saline, 1%
(w/v) bovine serum albumin (BSA), 0.1% (w/v) sonicated
salmon sperm DNA, 50mM ZnSO4, 2mM DTT, Rnase
inhibitor 1u/ml) together with 50mg of tRNA were added
to the pellet of aqueous phase droplets. The droplets were
broken by hexane-extraction that was repeated at least
four times. Residual solvent was removed from the
broken emulsion by centrifuging under vacuum for
5min at 258C. RNA-coated magnetic beads were added
to the hexane-extracted aqueous phase and the mixture
was incubated at room temperature for 45min with slow
rotation of the tube. Afterwards, the beads were washed
three times with buﬀer A and two times with TBS buﬀer.
The ﬁnal separated beads were re-suspended in 20mlo f
Tris buﬀer (pH 7.4), and the attached gene population
was recovered and ampliﬁed for the second round of selec-
tion by nested PCR using primers pET23-Fwd2
  and
pET23-Rev2
 .
In order to measure the selection eﬃciency of the tar-
geted gene from the model library, the recovered gene
populations from the ﬁrst and second round of PCR
ampliﬁcation were digested with EcoRI/NotI and cloned
back into pET-23a plasmid. Transformations were
performed using XL10-gold ultra-competent cells
(Stratagene). Colony PCR was carried out the next day
using the U1A speciﬁc primers U1A-1 and U1A-3
(Supplementary Table 1).
Gel-shift assays
Selected proteins from IVC experiments were assayed for
their DNA- or RNA-binding activity by using
32P end-
labeled synthetic DNA or RNA containing the required
binding sequences for ZNF proteins or U1A. The
sequences of the DNA and RNA containing the protein-
binding sites are shown in Figure 1c and e.
Determination of the active protein concentration. To
determine the concentration of ZNF-U1A fusion protein
produced in the TNT T7 in vitro expression system, crude
protein samples were directly used in gel-shift assays
against a dilution series of the DNA containing appropri-
ate ZNF-BS. Binding site concentration was always well
above the estimated dissociation constant (Kd) of the pro-
tein, but ranged from a higher concentration, at which all
available protein binds DNA, to a lower concentration, at
which all DNA is bound. Controls were carried out to
ensure that labeled DNA was not shifted by the in vitro
extract in the absence of ZFP. Binding reactions included
crude protein samples and varying concentrations of
DNA duplex mixed with 20pM of radiolabeled DNA
incubated in binding buﬀer (20mM Tris propane, pH
7.4, 100mMNaCl, 10mM DTT, 0.1mg/ml BSA and
0.1% Triton X-100) at room temperature for 1h. The
reaction mixtures then were separated on a 7% native
polyacrylamide gel at 48C for 2h. Radioactive signals
were quantiﬁed by PhosphorImager analysis (Molecular
Dynamics) to determine the amount of shifted binding
site and, from that, the concentration of active ZFP.
The concentration of linked U1A protein should be the
same as zinc-ﬁnger peptide.
Determination of the binding affinity. Dissociation con-
stants were determined in parallel to the calculation of
active peptide concentration. Serial dilutions of crude
protein preparations were made and incubated with
5pM
32P-labeled DNA containing ZNF-BS or 10pM
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were run on 7% native polyacrylamide gels and the
radioactive signals were quantiﬁed by PhosphorImager
analysis.
RESULTS AND DISCUSSION
The application of in vitro selection methods to the discov-
ery of RBPs with new speciﬁcity has lagged considerably
behind their application to DNA-binding proteins (4,20).
In part, this has occurred because the phage display
method is not as well suited for proteins such as the
RRM, compared to zinc ﬁngers for example, because of
the limited diversity of phage libraries relative to the size of
RNA-protein interfaces (1). We wished to explore whether
the IVC method (Figure 1a) could be adapted for RBPs,
because of the increased library size and totally cell-free
selection strategy that the method provides. In order to
apply this method to RBPs, however, there is a need
to directly link genotype and phenotype during selection.
Here we present an approach to achieve genotype–
phenotype linkage derived from a method used in the selec-
tion of zinc ﬁnger DNA-binding proteins (20), and a new
selection scheme to verify the performance of the method.
Linkage ofgenotype and phenotypeduring
selection of RBPs
In order to link genotype and phenotype, we decided to
avoid chemically or enzymatically cross-linking the encod-
ing DNA with the expressed protein because of the
Figure 1. Directed evolution of RBPs using IVC. (a) Schematic representation of the strategy used in selection of RBPs by IVC. RBPs are fused to
an N-terminal six zinc-ﬁnger DNA-binding poly-peptide which recognizes a cognate sequence presented in four copies upstream of the coding region
in the linear DNA templates. The ZNF-RBP genes are compartmentalized in water-in-oil emulsion and allowed to express the corresponding fusion
protein by coupled in vitro transcription-translation reaction. The expressed chimeric proteins bind to their encoding DNA templates through the
zinc-ﬁngers. After breaking the emulsions, streptavidin-coated magnetic beads bound with biotin-labeled RNA were used to capture the RBPs and
corresponding encoding DNA; the selected gene expression cassettes are subsequently ampliﬁed by PCR. (b) Expression cassettes used in the selection
of ZNF-RBP fusion proteins: the six-ﬁnger Zif268(1-3)-TFIIIA(1-3) protein is fused with an RBP C-terminus to it. Four copies of the DNA-binding
sequence for the ZNF’s were inserted upstream of the T7 promoter. (c) DNA-binding sequence for the six-ﬁnger ZNF protein. (d) Model of the
Zif268(1-3)-TFIIIA(1-3)-U1A chimeric protein based on the structures of the corresponding proteins (30,38,39). (e) The secondary structure of the
biotin-labeled U1 RNA used in the IVC experiments.
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the RRMs we wanted to select (derived from U1A and
HuD proteins) were fused downstream of a six-ﬁnger
DNA-binding domain comprising a head-to-tail fusion of
the ﬁrst three zinc ﬁngers of TFIIIA (TFIIIA(1-3)) to the
three zinc ﬁngers of Zif268 protein (Zif268(1-3))
(Figure 1b). We used the extended linker peptide
GGGSERP between zinc ﬁngers 3 and 4 of the construct
[i.e. between Zif268(1-3) and TFIIIA(1-3)], because this
sequence has been reported to signiﬁcantly increase
the DNA binding aﬃnity of a six zinc-ﬁnger peptide
[Zif268(1-3)-NRE(1-3)], leading to a femtomolar dissocia-
tion constant (22). This aﬃnity is well above all known
dissociation constants of RRM-containing RBPs, includ-
ing U1A which has one of the highest RNA-binding aﬃ-
nities known so far (Kd of about 10–100pM). The very
high DNA-binding aﬃnities is also accompanied by a
low Koﬀ rate, i.e. a very long half-life for the complex
(22,23). This property is essential for genotype–phenotype
linkage because the complex must remain intact for the
time required for breaking the emulsions as well as the
washing and aﬃnity selection steps. The half life of a
high aﬃnity ZNF–DNA complex with Kd=3pM is at
least 2h (20). In order to ensure complete binding of the
ZNF–RBP fusion protein to its encoding DNA tem-
plate, four copies of the DNA binding sites for
Zif268(1-3)-TFIIIA(1-3) construct were appended in all
genes in the library. The presence of multiple copies of
the DNA binding sites increases the local concentration
of ZNF-binding targets, favoring tight complex formation.
However, we did not further investigate the eﬀect of the
number of binding sites on the enrichment and ﬁdelity of
the selection. Given these considerations, we expected the
protein–DNA complex to remain intact under conditions
where the protein–RNA complex dissociates and during
the time required for all selection steps.
The expression of the chimeric ZNF-U1A protein using
TNT T7 in vitro transcription/translation system was
demonstrated as shown in Figure 2a. In order to visualize
the protein,
35S-methionine was added at the beginning of
the reaction. A strong band was observed by SDS PAGE
gel at the correct protein size, ca. 300 amino acids
(Figure 2a). In order to optimize protein expression
levels, we varied the amount of PCR DNA template
added in the presence or absence of extra T7 RNA poly-
merase, which had been suggested to increase the protein
production (20). However, protein expression levels
appeared to reach a plateau between 200ng and 400ng
of PCR DNA template, and adding extra T7 RNA poly-
merase did not increase protein production; in some cases,
it even decreased it.
When proteins are selected using in vitro evolution
methods, multiple sequences with various binding aﬃ-
nities are generally found. Expressing the mutant protein
individually and testing the binding aﬃnity for each clone
is a bottleneck for the entire project because this step is
laborious and time consuming. We sought to reduce the
time and labor requirements for this task by adopting a
strategy previously used with ZFP design (24), i.e. by
using the proteins directly expressed in an in vitro tran-
scription/translation system to measure approximate
binding constants. In order to do so, it was ﬁrst necessary
to know the concentration of protein expressed in the
in vitro transcription/translation reaction. We did so by
taking advantage of the high aﬃnity of the six chimeric
zinc ﬁngers to their cognate DNA, as shown in Figure 2b.
The DNA templates used for expression of the ZNF-U1A
protein were ampliﬁed with primers excluding the ZFP-
BS. The concentrations of target DNA in the ﬁnal binding
reactions were varied from 1mM to 1nM. When the inten-
sity of the DNA band shifted upon formation of the pro-
tein-DNA complex is equal to the intensity of the free
DNA band, then the protein concentration is half of the
DNA concentration used in the assay. Since the protein in
the crude reaction mixture was mixed with the target
DNA in equal volumes, the results show that the concen-
tration of expressed ZNF-U1A protein reached 100nM
when 200ng and 400ng DNA templates were added in a
Figure 2. Optimization of the conditions for in vitro transcription/
translation of ZNF-U1A fusion protein. (a) SDS PAGE gel analysis
of the expression of ZNF-U1A protein construct labeled with
[
35S]methionine with or without the addition of supplemental T7-
RNA polymerase (1.5ml at 1mg/ml); PCR DNA templates were
added in the indicated amounts of 100ng, 200ng and 400ng;
(b) Comparison of protein expression levels at diﬀerent concentrations
of PCR DNA template (200ng, 400ng, 600ng and 800ng) by EMSA.
The concentrations of DNA duplexes are indicated at the bottom of
each gel. 20pM of
32P-labeled DNA was added to each binding reac-
tion. The ZNF-U1A fusion protein expressed directly from in vitro
transcription/translation reaction binds to its target DNA and causes
the upward shift of the DNA band on the gel. The positions of the free
probe (P) and complexes (C) are marked.
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tion further to above 400ng had negative eﬀects on pro-
tein production, consistent with the results obtained with
35S-labeling (Figure 2a).
Binding of the protein construct containing six zinc-
ﬁngers to its target DNA has been reported to occur
with femtomolar to picomolar dissociation constants
(22,24), and U1A protein alone binds to the stem/loop
II of the U1 snRNA with picomolar to nanomolar aﬃnity
(25,26). However, attaching the two together might aﬀect
the binding aﬃnity of each protein. The linker between the
poly-zinc-ﬁnger and U1A consists of only a short peptide
H-P-P-T. The presence of two Pro residues should lead to
structural rigidity and the isolation of the linker from the
attached nucleic acid binding domains, thus preventing
unfavorable interactions between folded domains (27).
In fact, two prolines in a row favor the polyproline, or
collagen, conformation, which is an extended but not
b-sheet structure. We did not add a longer linker because
the N-terminus of U1A has a short unstructured sequence
pointing away from the RRM domain at its very end
(30,31), which can be viewed as part of an extended
linker. Gel shift assays show that the chimeric protein
has a binding aﬃnity to its cognate DNA of approxi-
mately 50pM (Figure 3a), and to U1 RNA of less than
1nM (Figure 3b). The DNA-binding aﬃnity for our zinc-
ﬁnger peptide Zif268(1-3)-TFIIIA(1-3) is lower than the
reported femtomolar dissociation constant for a six zinc-
ﬁnger peptide [Zif268(1-3)-NRE(1-3)] that used the same
linker GGGSERP [22]. This diﬀerence is probably due to
diﬀerent zinc-ﬁnger peptides used, and perhaps to the
eﬀect of the attached U1A protein domain. Based on pre-
vious studies on poly-zinc-ﬁnger proteins (22,24,28), opti-
mizing the length and/or the rigidity of the linker between
the poly-zinc-ﬁnger protein and U1A might further
increase the aﬃnity. We did not do this at this stage
because the observed aﬃnities are suﬃcient for our
purposes.
Selection of U1Aprotein-coding gene from averylarge
backgroundof arelated gene
In order to demonstrate that the recovery of genes with
desired RNA-binding speciﬁcity and aﬃnity could be
accomplished eﬃciently, we performed a model selection
experiment. In this control test, we selected a target RBP
(U1A) present at very low concentration (1 10
 4ng/ml)
from a library containing a large excess of a competitor
protein, in this case the second RRM of HuD (cHuD).
U1A protein uses its single RRM domain to bind to the
loop region of a stem-loop structure with high sequence
speciﬁcity and aﬃnity (pM to nM) (25,26). In contrast,
HuD protein contains three RRMs which bind co-
operatively to a single-stranded AU-rich RNA with nM
aﬃnity (29). Therefore, although the two RRMs from
U1A and HuD have approximately the same structure,
they have diﬀerent RNA binding speciﬁcity.
A total of 10
9 clones (corresponding to 1.66fmol) of a
1:10
4 mixture of ZNF-U1A:ZNF-cHuD genes were
added to a 40ml TNT T7 in vitro transcription-translation
extract and homogenized into an oil-surfactant mixture to
create a water-in-oil (w/o) emulsion. Under these condi-
tions, the majority of droplets contain no more than a
single gene in addition to all of the molecular machinery
needed to express that gene. Once the protein is expressed,
DNA binding by the Zif268(1-3)-TFIIIA(1-3) fusion poly-
peptides should occur within the same droplets
(Figure 1a). After breaking the emulsion and following
stringent washing, streptavidin-coated Dynabeads,t o
which biotinylated U1 RNA was bound, were used to
pull down U1A protein with its attached encoding
DNA. Through this scheme, the genotype remains
coupled to its phenotype throughout the aﬃnity selection
and washing steps, and the selected gene is enriched by
PCR in the ﬁnal step of the protocol. In contrast, the
Figure 3. The binding of ZNF-U1A protein produced directly from
in vitro transcription/translation reaction to both the DNA (a) and
the RNA targets (b). Binding was analyzed by EMSA, with decreasing
concentrations of proteins equilibrated with 5pM of
32P-labeled DNA
duplex or 10pM of
32P-labeled U1 RNA. Protein concentrations are
indicted at the bottom of gel. The positions of the free probe (P) and
complexes (c) are indicated.
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U1 RNA and therefore the population would be enriched
only for U1A protein. A negative control reaction with no
ZNF-BS inserted upstream of T7 promoter was carried
out in parallel with the selection experiment.
After the ﬁrst round of selection, a clear band of PCR
products was recovered at the correct size of the DNA
templates, while the negative control reaction gave no
speciﬁc product (Figure 4a). This indicates that an inter-
action between the expressed ZNF fusion protein and the
DNA template is required for eﬃcient recovery of
the genetic material. Since we do not know whether the
ampliﬁed PCR product is ZNF-U1A or background
ZNF-cHuD, the PCR-ampliﬁed DNA templates were
gel-puriﬁed and cloned back into pET23a plasmid and
transformed. Colony PCR showed that about 50% of
the genes recovered from the ﬁrst round of selection are
already ZNF-U1A species (Figure 4b), suggesting at least
a 1000-fold enrichment from the ﬁrst round of selection.
The ZNF-cHuD species do not bind to the U1A RNA,
but some clones remain after the ﬁrst round of selection
probably due to its large excess in the initial library and
the non-speciﬁc binding to the Dynabeads.
The gel-puriﬁed DNA templates that emerged from the
ﬁrst round of selection were then submitted to the next
round of selection. DNA recovered after the second round
of IVC selection was sub-cloned and colony PCR was
again used to determine the percentage of recovery of
the ZNF-U1A gene. As shown in Figure 4c, all genes
recovered at this stage corresponded to ZNF-U1A, con-
ﬁrming that the target gene had been selected from the
library eﬃciently. Out of the 12 selected colonies that
were subjected to colony PCR after the second round of
selection, none was found to contain the ZNF-cHuD gene,
indicating that non-speciﬁc binding of template DNA to
the Dynabeads is at undetectable levels after two rounds
of selections. The genes recovered after two rounds of
selection were further sequenced; the results conﬁrm that
the target U1A gene has been selected from the library in
all 12 cases.
Recovery ofhigh-affinity U1Aprotein mutants from a
randomized U1A library
As a second test of the ability of the method to select RBP
with high aﬃnity for a deﬁned RNA target, we probed
whether the wild-type U1A sequence as well as other
high-aﬃnity mutants could be recovered from a library
containing random mutations at two positions.
Aromatic residues at three conserved positions on the
b-sheet surface of most RRM domains are crucial to the
ability of RRM proteins to bind strongly to RNA. U1A
protein has two such aromatic residues, one in RNP1
(F56) and one in RNP2 (Y13), which are very important
for RNA complex formation and stability (30–32).
Crystallographic and NMR studies have shown that
these two residues stack with bases of the target RNA
(Figure 5), and form a network of interactions that hold
the RNA in place against the RRM surface. Various
mutational studies have also been carried out to evaluate
the contributions of these two amino acids to the
interaction between U1A protein and RNA (33,34). The
results indicate that although the two aromatic amino
acids provide little speciﬁcity, their interactions contribute
signiﬁcantly to the strength of RNA binding as evidenced
by the substantial loss of aﬃnity observed when they are
individually mutated. These results make the two amino
acids ideal for testing our selection method.
Overlap extension PCR was used to generate the DNA
template library that contains the randomized mutations
(NNS) at the two positions (Y13 and F56). After two
rounds of selection, the selected genes were cloned into
pET23 and the identity of 20 selected genes was conﬁrmed
by sequencing. Linear PCR DNA templates containing
the T7 promoter for each selected gene were then gener-
ated and used directly in protein production through the
TNT T7 in vitro transcription/translation system. The
expressed proteins were subsequently used in EMSA bind-
ing assays to assess the RNA binding aﬃnity of each
selected U1A protein.
From 20 sequenced clones, we recovered 10 distinct
sequences, including the wild-type U1A protein and nine
mutants. The sequences of wild-type U1A and each
Figure 4. Eﬃcient recovery of wild-type U1A protein from a high
background of a non-cognate RBP, the second RRM of HuD protein
(cHuD). (a) Gel electrophoresis showing the results of the ﬁrst round of
selection after PCR ampliﬁcation. Lane 1 is the size marker
MassRuler
TM DNA ladder (Fermentas); lane 2 is the control selection
executed with the DNA template without any ZNF-BS; lane 3 is the
result of the selection from the model library. (b) Colony PCR showing
the results of the ﬁrst round of IVC selection using U1A-speciﬁc pri-
mers. Six out of 12 selected colonies contain the U1A gene; the other
colonies, presumably containing the cHuD gene, give rise to a non-
speciﬁc PCR product at low molecular weight. (c) Colony PCR show-
ing the results of the second round of IVC selection using the same
U1A-speciﬁc primers; all 12 colonies contain the U1A gene.
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W56)] appear twice in the selection. Among the 10 diﬀer-
ent sequences, seven protein mutants plus the wild-type
U1A (eight in total) gave detectable RNA binding in
EMSA assays. The results for these eight proteins are
summarized in Figure 6. Amino acid 56 is conserved as
aromatic in our selection, but can be any of F, Y or W.
This result is consistent with previous mutation studies,
which indicated that substitution of F56 with other aro-
matic amino acids led to only a small loss in binding
energy (34). This position is occupied by Phe in 74% of
all RRMs, Tyr in 10% of RRMs but only rarely by Trp
(35). However, in U1A proteins from diﬀerent species, Trp
occasionally replaces Phe at this position, but Tyr never
does (36). The selection experiment did not return His at
position 56, although F56H has close to wild-type aﬃnity
(34). This result could simply be due to the limited number
of clones analyzed in this test.
In contrast to position 56, position 13 is not necessarily
aromatic, since Arg in addition to Phe and Tyr is selected
as well. Consistent with previous reports (25,33,37), the
Y13F substitution and (F13, W56) double mutant had
100-fold lower binding aﬃnity compared to wild-type
U1A. However, Arg was never reported to be able to
replace Tyr13. Among the Y13R mutants, (R13, W56)
has the highest binding aﬃnity at ca. 10nM. The
(R13, Y56) and (R13, F56) pairs both have binding aﬃnity
of about 100nM, similar to (F13, W56) and (F13, F56).
Interestingly, the mutant (F13, Y56), which has the same
amino acid content as wild-type U1A but in reverse, was
not selected. This result is consistent with previous report
that the Kd of this mutant protein is 10
5 times higher
than wild-type (26), due to the disruption of a hydrogen-
bonding network involving Gln54. Among the 10 tested
sequences, only (L13, W56) and (V13, W56) did not
show any band shift in the EMSA experiments; presum-
ably their binding aﬃnities are above 100nM, which is our
detection limit in EMSA, as determined by the maximum
protein concentration expressed in our in vitro transcrip-
tion/translation reaction. Both Leucine and Valine have a
fairly large van der Waals interaction surface (1); they are
sometimes found to replace aromatic residues in RRM
surfaces to form hydrophobic interactions with the RNA
bases, although stacking by aromatic side-chains should
provide higher aﬃnity than non-aromatic side-chains.
The selection of Leu and Val at position 13, while Trp is
not selected, suggests that this position is sterically more
restricted than position 56. Increasing the selection strin-
gency by using a higher concentration of bait RNA and
adding a competitor RNA (in addition to tRNA) that is
closer in structure to the bait will probably further reduce
the number of selected low aﬃnity RBPs (16).
CONCLUSIONS
We have for the ﬁrst time applied the emulsion-based IVC
method to select RBPs with deﬁned speciﬁcity. A new
approach to link genotype and phenotype was developed
based on fusing the target RBP to six ZFP that bind to a
cognate DNA sequence inserted upstream of the promoter
that drives protein expression. The expressed ZFP–RBP
binds to its encoding DNA with high aﬃnity while the
fused RBP can be selected based on its aﬃnity for a bio-
tinylated RNA bait. This method is much more eﬃcient,
easier to implement and robust than the alternative of
physically linking the RBP to its encoding DNA using
chemical or enzymatic methods. We demonstrate that
the IVC selection method works eﬃciently by selecting
U1A protein from a high background of a diﬀerent
gene, and by selecting native and mutant U1A proteins
with high aﬃnity to the U1 RNA from a library random-
ized at two positions. The eﬀectiveness and simplicity of
this method should enable the generation of RBPs with
high aﬃnity and speciﬁcity for many desired RNA
sequences.
Figure 5. Structure of the U1A-RNA interface (pdb code 1URN). The
two amino acids (Y13 and F56) randomized in the library are high-
lighted in red and the RNA bases with which these amino acids stack
are in green. The rest of the protein and RNA are colored in cyan and
yellow, respectively.
Figure 6. Binding aﬃnities (Kd) determined by EMSA experiments of
U1 RNA to wild-type and mutant U1A proteins selected from a ran-
domized library using our IVC method. The sequence of U1 RNA used
in the binding assay is shown in Figure 1e, except that the biotin tag
was removed.
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